In natural populations, genetic diversity is maintained by persistent migration, interbreeding avoidance, and genetic fusion ([@zoaa006-B40]; [@zoaa006-B2]). However, with extensive human activities, natural habitats have become fragmented into small isolated units ([@zoaa006-B46]), resulting in the formation of insular subpopulations of individual animal species ([@zoaa006-B8]; [@zoaa006-B35]). Such situations restrict the movement of individuals across populations ([@zoaa006-B29]), leading to the increased risk of inbreeding depression and the occurrence of genetic bottlenecks ([@zoaa006-B7]; [@zoaa006-B22]; [@zoaa006-B65]). Notable examples include the gray wolf *Canis lupus* ([@zoaa006-B30]), the northern elephant seal *Mirounga angustirostris* ([@zoaa006-B69]), the moose *Alces alces* ([@zoaa006-B5]), and several species of nonhuman primate. At present, some 60% of the 504 living primate species are listed as vulnerable, endangered, or critically endangered and over 75% of all primate populations are in decline ([@zoaa006-B12]). In most cases, population decline has resulted in a marked decrease in genetic diversity. However, there remains a small number of primate species, which despite a recent reduction in population size, maintain relatively high genetic diversity in the face of habitat fragmentation ([@zoaa006-B54]; [@zoaa006-B63]).

Several common factors associated with social, behavioral, and biological adaptability appear to enable these "resilient" species to persist and maintain genetic diversity in highly-fragmented and human-disturbed habitats ([@zoaa006-B42]; [@zoaa006-B61]; [@zoaa006-B1]). Among primates, a small number of taxa including hamadryas baboons *Papio hamadryas*, geladas *Theropithecus gelada*, Guinea baboons *P. papio*, Yunnan snub-nosed monkeys *Rhinopithecus bieti*, black snub-nosed monkeys *R. strykeri*, Guizhou snub-nosed monkeys *R. brelichi*, golden snub-nosed monkeys *R. roxellana*, and possibly humans have evolved a modular or tiered multilevel society ([@zoaa006-B10]; [@zoaa006-B17]; [@zoaa006-B20]). A multilevel society is characterized by several independent social and breeding units nested within a larger community that can number several hundred individuals ([@zoaa006-B60]; [@zoaa006-B70]). As the utilization of space and resources can be optimized by the joint actions of individuals who live in groups, group members may acquire multiple benefits beyond those obtain by solitarily individuals ([@zoaa006-B37]; [@zoaa006-B9]; [@zoaa006-B10]; [@zoaa006-B66]). Thereby, animal species with multilevel society usually develop such flexibility to overcome ecological challenges and may avoid inbreeding risk ([@zoaa006-B28]; [@zoaa006-B59]; [@zoaa006-B20]). However, studies on the evolutionary and social mechanisms of the maintenance of genetic diversity for multilevel society, remain limited.

Golden snub-nosed monkeys, represent an endangered species of Asian colobine or leaf-eating primate that was once widely distributed across central and southern China ([@zoaa006-B32]). Today, however, they exist in only 3 isolated mountainous regions in central and northwest China (Minshan, Shennongjia, and Qinling Mountains; [@zoaa006-B33]; [@zoaa006-B36]; [@zoaa006-B15]). Golden snub-nosed monkeys exhibit a special social organization described as a modular or the multilevel society, which is composed of 4 levels: the unit, band, herd, and troop ([@zoaa006-B53]; [@zoaa006-B19]; [@zoaa006-B49]; [@zoaa006-B55]). The most basic level of golden snub-nosed monkey social organization is formed by 1 adult male, multiple adult females, subadult females, juveniles, and infants, and is called a 1-male unit or harem ([@zoaa006-B52]; [@zoaa006-B21]; [@zoaa006-B74]). Several 1-male units feed, forage, rest, and travel together and form a breeding band ([@zoaa006-B52]). Bachelor males including juveniles, subadults, and adults aggregate into an all-male unit ([@zoaa006-B51]). Several all-male units may form an all-male band that shadows multiple breeding bands ([@zoaa006-B49]; [@zoaa006-B51]). The all-male band consists of males waiting for reproductive opportunities and former breeding males whose 1-male unit has been taken over by another male ([@zoaa006-B51]). The breeding bands and their associated all-male band together form a herd that occasionally interacts with other independent bands or herds to form a large troop ([@zoaa006-B49]).

The population of golden snub-nosed monkeys inhabiting the Qinling Mountains, exploit a region of high biodiversity that has been environmentally altered by extensive human exploitation and ecological damage ([@zoaa006-B39]). An expanding lumber industry and the conversion of natural forest to agricultural and farmland during the last century have resulted in unprecedented reduction and fragmentation of suitable habitat for several important animal and plant species ([@zoaa006-B33]; [@zoaa006-B36]). In recent years, a large number of roads, expressways, and high-speed railways have been constructed in the area. Due to both ecological and anthropogenic resistance, populations of the giant panda *Ailuropoda melanoleuca* and the golden takin *Budorcas taxicolor* have become isolated into small and fragmented subpopulations in the Qinling Mountains ([@zoaa006-B72]; [@zoaa006-B73]). These same anthropogenic disturbances have affected range size, quality, and connectivity of the natural habitats for the 39 troops of snub-nosed monkeys that remain in the Qinling Mountains ([@zoaa006-B31]). However, a recent study indicated that the genetic diversity and effective population size of *R. roxellana* in the Qinling Mountain has not significantly decreased ([@zoaa006-B23]). Two other studies have hypothesized that the transfer of adult males among different breeding bands is likely to play a critical role in promoting genetic exchanges between otherwise highly-fragmented populations ([@zoaa006-B25]; [@zoaa006-B49]), implying that the evolution and adaptive function of a multilevel society, including the existence of an all-male band, serves to provide a reservoir of genetically distinct adult males that can increase gene flow under conditions of habitat fragmentation.

In this study, we test the hypothesis that despite living in highly-fragmented habitats, the multilevel society of golden snub-nosed monkeys facilitates the movement of bachelor males across otherwise semi-isolated modular social units resulting in a system of dynamic gene exchange and the maintenance of genetic diversity. We accomplish this by presenting genetic evidence that bachelor males from different natal breeding bands commonly transfer into the all-male band, resulting in an opportunity for gene flow and high levels of genetic diversity between isolated subpopulations within this multilevel society. By linking the evolution of this specialized social system with male reproductive strategies that function to promote gene flow, this research offers new insights into the benefits of group living.

Materials and Methods
=====================

Study group and genetic sampling
--------------------------------

Our research site is located on the northern slope of the Qinling Mountains in the Zhouzhi National Nature Reserve, China (108°14′--108°18′E, 33°45′--33°50′N, [Figure 1A](#zoaa006-F1){ref-type="fig"}). The region has a temperate climate and ranges in elevation from 1,400 to 2,890 m in elevation a.s.l. The annual average temperature is 10.7°C, and the annual average rainfall is 894 mm ([@zoaa006-B31]).

![(**A**) Study location of the 4 isolated breeding bands and the all-male band (bachelor group) of *R. roxellana* in the Qinling Mountains, China. (**B**) A heat map of genetic differentiation among bachelor groups and 4 breeding bands. Color brightness in each cell denotes the value of the pair-wise genetic differentiation index. Two clusters represent the genetic relationships among 5 bands that constructed by UPGMA. Dendrograms in the left and top were built based on Wright's *F*~ST~ and Nei's standard genetic distance, respectively, which are illustrated in the lower and upper triangular matrix of the heat map. (**C**) [structure]{.smallcaps} Bayesian clustering revealed that the 5 isolated social bands of snub-nosed monkeys had a lower divergence and high levels of admixture under fragmented habitats, which implies a potential gene flow. The clustering was built under assumption of [locpriori]{.smallcaps}, nonadmixture model and independent allele frequencies. BB, breeding band; AMB, all-male band.](zoaa006f1){#zoaa006-F1}

There were 4 breeding bands and 1 all-male band in the study area during our study ([@zoaa006-B31]). The HSG breeding band (HSG-BB) and the GTS breeding band (GTS-BB) from the East Ridge Troop, and the GNG breeding band (GNG-BB) and the DJF breeding band (DJF-BB) from the West Ridge Troop. The 2 troops are separated by the Nancha River. The GNG all-male band (GNG-AMB) principally shadowed the GNG-BB, but had occasional contact with the other 3 breeding bands. Due to the difficulty associated with following the monkeys across steep cliffs and mountainous terrain, it took 1.5 years to collect fecal and hair samples used for genetic analysis (December 2014 to March 2016).

The 4 breeding bands analyzed in this study varied in size and compositions. There were 15 one-male units in the GNG-BB, 12 one-male units in the DJF-BB, 11 one-male units in the HSG-BB and 10 one-male units in the GTS-BB. The size, age, and sex composition of each breeding bands and the all-male band are reported in [Table 1](#zoaa006-T1){ref-type="table"}. The GNG-AMB, which was composed of 12 adult, 14 subadult, and 14 juvenile males, traveled independently, but maintained a close spatial association to the GNG-BB, resulting in a high degree of social affinity and spatial overlap. The GNG herd was habituated to the presence of researchers and had been provisioned for more than 20 years. Thus, we were able to maintain close proximity to the monkeys and identify each individual based on pelage color, body size, sex, and idiosyncratic physical traits. The monkeys were categorized into 4 age/sex classes ([@zoaa006-B52], [@zoaa006-B49]), including adult males and females (adult males reach maturity at 7 years of age and adult females reach maturity at 5 years of age), subadults (females are subadults at age 3--4 and males are subadults from ages 5--7 years old), juveniles (females aged from 1 to 3 years and males aged 1 to 5 years), and infants (\<12 months; [@zoaa006-B52]).

###### 

Genetic diversity of 5 bands among *R. roxellana* multilevel society

  Band      Longitude (°E)   Latitude (°N)   Population size   Sample size   Genetic diversity[^a^](#tblfn1){ref-type="table-fn"}   *F* ~IS~                          
  --------- ---------------- --------------- ----------------- ------------- ------------------------------------------------------ ---------- ------ ------- ------- --------
  GNG-AMB   108.278          33.798          40                40            3.92                                                   0.560      2.34   0.565   0.553   −0.026
  GNG-BB    108.270          33.812          130               38            3.54                                                   0.552      2.32   0.565   0.545   −0.030
  DJF-BB    108.233          33.805          100               36            3.92                                                   0.582      2.46   0.573   0.574   −0.009
  HSG-BB    108.312          33.813          90                43            3.39                                                   0.506      2.15   0.513   0.500   −0.034
  GTS-BB    108.337          33.850          70                31            3.15                                                   0.510      2.28   0.563   0.502   −0.126

Five genetic diversity indices were presented, that is, number of alleles (*Nm)*, polymorphism information content (PIC), allelic richness (A*r*), observed heterozygosity (*H~O~*), and expected heterozygosity (*H~E~*). *F*~IS~ denotes the Wright's inbreeding coefficient.

Both fecal and hair samples were collected from all individuals in the GNG-AMB, including 12 adults, 14 subadults, and 14 juveniles, as well from 72 adults in the GNG-BB (15 males and 57 females). Because the monkeys in the remaining 3 breeding bands were not habituated, we were able only to collect fecal samples from unidentified individuals.

Fresh fecal samples were stored in DETs (20% DMSO, 0.25 M sodium-EDTA, 100 mM Tris·HCl, pH 7.5, and NaCl to saturation) solution at −20°C. A stick with adhesive tape was used to collect hair samples. It was made from an 80 cm × 6 cm wooden board covered with glue and baited with a fruit reward. In the process of grabbing the fruit, hair from the monkey's hand and arm adhered to the glue. The collected samples were then stored in silica gel and then dried at room temperature.

Molecular methods
-----------------

Follicle DNA was extracted with proteinase K digestion (Shenggon, Shanghai) in a PCR compatible buffer, whereas fecal DNA was extracted using QIAamp DNA Stool Mini Kits (Qiagen, German). All DNA samples were amplified at 19 tetra-nucleotide microsatellite loci (please see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) in an ABI Veriti Thermal Cycler with the following processes: 95°C for 5 min, followed by 30 cycles (94°C for 30 s, 55°C−60°C for 45 s, 72°C for 45 s), and 72°C for 10 min. PCR products were segregated with an ABI PRISM 3100 Genetic Analyser, and their sizes relative to the internal size standard (ROX-labeled HD400) were determined with [genemapper]{.smallcaps} V3.7 (Applied Biosystems). Homozygous genotypes were confirmed by 5 independent replicates, which were observed and repeated in at least 3 separate reactions ([@zoaa006-B64]). Replicates were detected by [polyrelatedness]{.smallcaps} V1.6 ([@zoaa006-B23]) and excluded from subsequent analyses. To avoid the possibility of analyzing the same individual twice, a probability of identity (PID) analysis was carried out using the software Cervus V3.0.7 ([@zoaa006-B27]). In addition, for each locus, if the samples of missing data occupied \>20% of all samples, this locus was discarded. Furthermore, to prevent genotyping errors, such as false alleles, scoring errors, and allelic dropouts, the software MICRO-CHECKER V2.2.3 ([@zoaa006-B67]) was employed.

Genetic diversity
-----------------

Statistical analysis of genetic diversity included observed and expected heterozygosity, polymorphic information content, allelic richness, and Wright's inbreeding coefficient at each locus for each band---and was calculated with G[Ena]{.smallcaps}I[Ex]{.smallcaps} V6.5 ([@zoaa006-B44]). We performed a Hardy--Weinberg equilibrium (HWE) test for each band at each locus with Fisher's exact tests in [genepop]{.smallcaps} V4.3 ([@zoaa006-B58]). Significance thresholds were adjusted for multiple tests by sequential Bonferroni procedures ([@zoaa006-B56]).

We employed 3 methods to test the presence of a bottleneck within each breeding band and the GNG-AMB. The first method was based on deviations of allele frequencies in the calculations of heterozygosity, where we used signed-test and 2-tailed Wilcoxon test in Bottleneck V1.2.02 ([@zoaa006-B47]). We considered 2 types of mutation models: 1) a 2-phase model (TPM) with 95% stepwise mutations and a variance of 12, and 2) a stepwise mutation model (SMM with iteration number set to 1,000). The second method involved calculating the *GW* coefficient ([@zoaa006-B16]) in [arlequin]{.smallcaps} V3.6 ([@zoaa006-B14]). Finally, we performed an effective population size change estimation, which was inferenced with Bayesian computation by the DIYABC v2.0 software ([@zoaa006-B26]).

Population structure
--------------------

To evaluate the significance of genetic differentiation, the pairwise *F~ST~* between the 4 golden snub-nosed monkey breeding bands was calculated with 100,000 permutations using [arlequin]{.smallcaps} V3.6 ([@zoaa006-B14]). Significance levels were assessed via permutation tests, where the number of steps in the Markov chain was set to 100,000, and the number of burn-in steps was set to 10,000. Nei's standard genetic distances *D* ([@zoaa006-B38]) were calculated in G[Enalex]{.smallcaps} V6.5 ([@zoaa006-B44]). We performed a hierarchical cluster analysis based on genetic differentiation and genetic distance using the UPGMA method (unweighted pair group method with arithmetic mean).

In addition, the common model of isolation by distance was examined using the Mantel test implemented in the program GENALEX V6.5 ([@zoaa006-B45]). Generally, Nei's genetic distance and the geographic distance were used as input, and their correlation significance was assessed by conducting 1,000 permutations.

A Bayesian cluster analysis was performed using [structure]{.smallcaps} V2.3.4 ([@zoaa006-B48]) to examine population genetic structure. This method estimates the likelihoods of various numbers of genetically distinct groups (*K*) in the samples by assigning individuals into one or more groups in a manner that minimizes each group's deviation from HWE. The program was run for *K* from 1 to 5 under the admixture model with correlated allele frequencies. For each run, we used 700,000 MCMC cycles, following 100,000 burn-in cycles. Ten replications were performed for each K, to test whether the number of iterations was sufficient. We set the iteration number from 700,000 MCMC cycles to 800,000, and we found that the log-likelihood value was saturated (*P* = 0.43, likelihood ratio test, toward the mean value of Ln-likelihood values derived from both iteration numbers of 700,000 and 800,000). Thus, our saturation analysis showed that the number of iterations was sufficient. The optimal K was estimated according to Evanno et al.'s delta K (ΔK) method ([@zoaa006-B13]). The evaluation of the appropriate K is presented in the [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}.

Population assignment
---------------------

Population assignment was to calculate the log likelihood for each individual, with allele frequencies of the respective population ([@zoaa006-B41]). Individuals were assigned to the population with the highest likelihood, which is an effective technique to identify the natal population among individuals. We calculated the posterior probabilities for each individual that originated from the 4 different breeding bands with the Bayes equation: $${\Pr\left( P_{j} \middle| \mathbf{G}_{i} \right)} \propto {\Pr\left( \mathbf{G}_{i} \middle| P_{j} \right)}{\Pr\left( P_{j} \right)},$$where $\mathbf{G}_{i}$ is the genotypes vector of *i-*th individual, and $P_{j}$ is the *j-*th breeding band, $\Pr\left( P_{j} \right)$ is the number of individuals in $P_{j}$ out of all breeding bands, and $\mathit{\Pr}\left( \mathbf{G}_{i} \middle| P_{j} \right)$ is the probability of sampling an individual with a genotypes vector equal to $\mathbf{G}_{i}$ within $P_{j}$. $\mathit{\Pr}\left( \mathbf{G}_{i} \middle| P_{j} \right)$ can be obtained by taking the product of the genotypic frequencies across all loci: $${\Pr\left( \mathbf{G}_{i} \middle| P_{j} \right)} = {\prod\limits_{k}{\Pr\left( G_{ik} \middle| P_{j} \right)}},$$where $G_{ik}$ is the genotype of *i-*th individual at *j-*th locus, $\mathit{\Pr}\left( G_{ik} \middle| P_{j} \right)$ is the frequency of $G_{ik}$ in $P_{j}$: $${\Pr\left( G_{ik} \middle| P_{j} \right)} = \left\{ \begin{matrix}
{p_{\mathit{ijka}~}^{2}if{~G}_{ik}~is~\mathit{homozygous},} \\
{2p_{\mathit{ijka}}p_{\mathit{ijkb}}~if{~G}_{ik}~is~\mathit{heterozygous}.} \\
\end{matrix} \right.$$

Where *a* and *b* are the alleles within $G_{ik}$, and $p_{\mathit{ijka}}$, and $p_{\mathit{ijkb}}$ are their frequencies in $P_{j}$, respectively. For each individual, the breeding band with the highest posterior probability was considered to be the natal band of this individual. We used chi-squared goodness-of-fit tests to assess whether the distribution of individual origin was in accord with expectation, where the expected values were proportional to $\Pr\left( P_{j} \right)$. We used the originated probability coefficient (OPC) to describe the probable percentage of individuals from different origins within a breeding band.

Gene flow among bands
---------------------

Gene flow among different bands was assessed using [migrate]{.smallcaps} V3.1 ([@zoaa006-B3]). The amount and direction of gene flow were estimated from microsatellite genotypes by calculating mutation-scaled effective population size *θ* (4 times the effective population size multiplied by the mutation rate of per site in each generation), and mutation-scaled migration rate *M* (migration rate divided by mutation rate). Based on the continuous Brownian motion model, we implemented a pre-run with *F~ST~* values to obtain the prior setting of *θ* and *M*. Five independent MCMC chains with 5,000,000 generations were used. We sampled every 100 steps under a constant mutation model, discarding the first 1,000,000 records as burn-in. The mode and 95% of the highest posterior density were estimated after checking for convergence.

Landscape resistance surface
----------------------------

We calculated the continuous landscape resistance surface to identify the degree to which local landscape elements limited the distribution or movement of *R. roxellana* within the study area. We modeled landscape resistance as a function of 4 landscape variables deemed to be potentially important for the species (Li Y-L et al., unpublished data): elevation, distance to human disturbances, distance to rivers, and the enhanced vegetation index, as shown in [Figure 3](#zoaa006-F3){ref-type="fig"}. Each landscape variable's grid cell resistance value was assigned based on the frequency of species occurrence from the analysis of radio-tracking data of *R. roxellana* (Li Y-L et al., unpublished data; see [Supplementary File S2](#sup1){ref-type="supplementary-material"}). We assumed that all landscape variables had equal effects on the ranging and distribution of golden snub-nosed monkeys. Then the landscape resistance values were estimated as the averaged resistance values of all landscape variables, ranging from 1 (least resistance to movement) to 100 (greatest barrier to movement). All maps were processed in ArcGIS v10.2 (ESRI 2010).

Ethical standards
-----------------

All research protocols reported here adhere to the regulatory requirements and were approved by the animal care committee of the Wildlife Protection Society of China (SL-2012-42). The genetic sampling received the clearance from, and complied with the protocols approved by, the specialist committee of the State Forestry Administration of China (SFA-LHXZ-2012-2788), and Chinese Academy of Science.

Results
=======

Microsatellite dataset and genetic diversity
--------------------------------------------

We analyzed 19 microsatellites from 188 golden snub-nosed monkeys residing in 4 breeding bands and 1 all-male band (sample sizes of each band are reported in [Table 1](#zoaa006-T1){ref-type="table"}). Details of these loci are presented in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. In the case of 4 loci (D19S248, D6S1036, D6S1040, and P115), samples of missing data accounted for \>20% of all samples ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), and thus these loci were discarded from our analysis. The MICRO-CHECKER analysis indicated that null alleles were likely present at loci D10S676 and D7S2204 across the GNG-AMB and the DJF-BB, respectively ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). We, therefore, removed these 2 loci from subsequent analyses. As for the remaining 13 highly polymorphic loci, the largest multilocus PID was 4.34E-09, and therefore our dataset contained no identical samples. In addition, the HWE test found no evidence of linkage disequilibrium ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Summary statistics for the genetic diversity analyses and genetic diversity indices can be found in [Table 1](#zoaa006-T1){ref-type="table"}. Genetic variability among the 5 bands was generally moderate, with the number of alleles per locus ranging from 3.15 to 3.92 (average = 3.50). The observed heterozygosity ranged from 0.513 to 0.573, with an average of 0.5556. The expected heterozygosity (*H*~E~) ranged from 0.50 to 0.574 (average = 0.535). The polymorphism information content ranged from 0.506 to 0.582 (average = 0.542), and the allelic richness for the 5 bands ranged from 2.15 to 2.46 (average = 2.31). Values of Wright's inbreeding coefficient (*F*~IS~) showed that the effects of inbreeding in the DJF-BB were relatively stronger than found in the other bands. In general, the effect of inbreeding among all 5 bands was weak.

Based on microsatellite data, we found no evidence that a genetic of bottlenecks had formed in any of the 4 breeding bands ([Table 2](#zoaa006-T2){ref-type="table"}; none of the sign or Wilcoxon tests suggested excess heterozygosity or deficiency in either SMM or TPM). The lowest *P*-value is 0.108 (Wilcoxon test with TPM model in HSG-BB). *GW* coefficients of all bands exceeded the empirical value of 0.68 ([@zoaa006-B16]), and the lowest *GW* coefficient was 0.872 ± 0.220 (HSG-BB). Inferring population history with Bayesian computation similarly indicated no evidence that a genetic bottleneck had occurred in any of the 4 breeding bands ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

###### 

Bottleneck effect tests of 1 all-male band and 4 breeding bands

  Band      Sign text   Wilcoxon test   *M* ± SD           
  --------- ----------- --------------- ---------- ------- ---------------
  GNG-AMB   0.507       0.505           0.473      0.580    0.914± 0.144
  GNG-BB    0.129       0.141           0.122      0.153    0.889 ± 0.162
  DJF-BB    0.560       0.567           0.170      0.368    0.876 ± 0.156
  HSG-BB    0.471       0.470           0.108      0.318    0.872± 0.220
  GTS-BB    0.494       0.521           0.153      0.188    0.877 ± 0.178

*Notes: M* is the [@zoaa006-B16] coefficient. No results were significant.

Population structure
--------------------

The matrices and dendrograms representing genetic relationships and identifying the strength of *F*~ST~ and *D* are presented in [Figure 1B](#zoaa006-F1){ref-type="fig"}. The results of pairwise *F*~ST~ revealed relatively low genetic divergence among each of 5 bands (*F*~ST~ \< 0.10), and the permutation test between each pair of bands (breeding and all-male) was significant (*P *\<* *0.05). Nei's standard genetic distance ranged from 0.031 to 0.122; the largest distance was between the DJF-BB and GTS-BB. *F*~ST~ and Nei's *D* between the GNG-AMB and GNG-BB was lower than between all other band pairs. Finally, our Mantel test analysis showed a significant correlation between geographic and genetic distance among all 5 bands (*r =* 902, *P =* 0.019; [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

Bayesian cluster results documented high levels of admixture among the 2 putative genetic clusters, with the Evanno's ΔK method indicating that the approximate K was maximized at *K* = 2 ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The cluster results among these 5 bands are shown in [Figure 1C](#zoaa006-F1){ref-type="fig"} (results for *K *=* *3, 4, and 5 also are shown for comparison). In addition, we found similar genetic compositions between individuals in the GNG-AMB and the GNG-BB, indicating substantive gene flow between these 2 modular social units has occurred. Although allele frequencies in the other 3 breeding bands (DJF-BB, HSG-BB, and GTS-BB) were significantly different from that of the GNG-AMB, Bayesian cluster revealed that DJF-BB, HSG-BB, DJF-BB, and GNG-AMB shared partial common genetic compositions, indicating gene flow has occurred between the all-male band and these 3 breeding bands ([Figure 1C](#zoaa006-F1){ref-type="fig"}).

Population assignment
---------------------

Population assignment analysis demonstrated that the members of the GNG-AMB originated unevenly from the 4 breeding bands ([Figure 2A](#zoaa006-F2){ref-type="fig"}, *χ*^2^ =18.0, *df* = 3, *P *\<* *0.001). The OPC revealed that approximately half of the individuals came from the GNG-BB (OPC~GNG-BB~ = 0.450), with the remaining males in the GNG-AMB originating from the DJF-BB, HSG-BB, and GTS-BB (OPC~DJF-BB~ = 0.375 vs. OPC~HSG-BB~ = 0.150 vs. OPC~GTS-BB~ = 0.025).

![(**A**) The posterior probability based on population assignment reveals individual exchange among 4 different bands and the bachelor group. Each box represents a social band. Each bar within the box represents a sampled individual from the band. Genetic characters of each band were estimated by unique allele frequencies, and marked by a corresponding color. The percentage of each color within the bar denotes the posterior probability of the individual origin. (**B**) Gene flow among the 4 breeding bands and GNG-AMB. The levels of gene flow are represented by *θ* and *M* value estimated by [migrate]{.smallcaps}. *θ*(4*Neµ*): mutation-scaled effective population size. *M*(*m*/*µ*): mutation-scaled migration rate; where *m* is the migration rate and *µ* is the mutation rate. The blue curves show gene flow from the breeding bands to the all-male band, whereas the green curves show the opposite gene flow from the all-male band to breeding band. The widths and the numbers beside the curves denote *M* values.](zoaa006f2){#zoaa006-F2}

Gene flow among bands
---------------------

The [migrate]{.smallcaps} analysis revealed the existence of highly asymmetric gene flow between the GNG-AMB and the 4 breeding bands (*θ* and *M* are significantly \>0; [Figure 2B](#zoaa006-F2){ref-type="fig"}). The *θ* value was highest in the GNG-AMB. Allele movement between the GNG-AMB and the GNG-BB was higher than between the GNG-BB and the other 3 breeding bands. The *M* value is not especially noteworthy for the comparison between the GNG-AMB and the breeding bands (*M*~GNG-BB~ \> *M*~GTS-BB~ \> *M*~HSG-BB~ \> *M*~DJF-BB~). However, variation in the rate of gene migration from the breeding bands to the GNG-AMB was apparently greater.

Landscape resistance surface
----------------------------

The continuous landscape resistance surface modeling suggests that the construction of roads, farms, and villages, along with natural ecological barriers (river, high elevations) highly restrict the distribution and patterns of habitats utilization of golden snub-nosed monkeys ([Figure 3](#zoaa006-F3){ref-type="fig"}). As shown in [Figure 3](#zoaa006-F3){ref-type="fig"}, the habitats occupied by each of the 4 breeding bands of golden snub-nosed monkeys were highly fragmented. Recent anthropogenic changes (roads, farms, and villages) to the landscape appear to have permanently isolated the GNG-BB and the HSG-BB, and rivers and high mountains have, over some extended period of time, served as effective barriers severely limiting the ability of individuals from the GNG-BB to transfer into the DJF-BB or the GTS-BB.

![Satellite result of continuous landscape resistance surface. Color ranging from green and red suggests the resistance value caused by ecological factors and human activities. The red color suggests high resistance value, and green suggests that the monkeys can move freely in these areas. The result confirms that geographical factors would resist the monkeys to immigrate between breeding bands with the fragmented habitats.](zoaa006f3){#zoaa006-F3}

Discussion
==========

In this study, we examined genetic diversity, gene flow, and population assignment in an endangered species of nonhuman primate, the golden snub-nosed monkey, that inhabits a highly anthropogenically-disturbed and fragmented mountainous habitat in central China. We combined genetic data with continuous landscape resistance surface modeling to study the degree to which human activities and ecological factors restrict the immigration of individuals among breeding bands. In addition, we examined whether the all-male band, which represents an important component of the snub-nosed monkey multilevel social system serves to promote gene exchanges and maintain genetic diversity across otherwise isolated breeding bands.

The continuous landscape resistance surface modeling indicated that ecological/anthropogenic resistance severs as a filter limiting the ability of individuals to migrate directly between the 4 studied breeding bands, leading to a negative effect on the individual transfer among the 4 breeding bands. This is supported by satellite telemetry data of GPS collared golden snub-nosed monkeys indicating that each studied breeding band inhabited a distinct range or territory that only minimally overlapped with other breeding bands, resulting in limited opportunities for individuals to transfer ([@zoaa006-B49]). Moreover, human-constructed barriers such as rivers, villages, logging roads, and farmlands have limited the ability of breeding bands to freely move across this fragment landscape for decades or hundreds of years ([@zoaa006-B68]). We, therefore, expected this would result in low population-level genetic diversity and high population-level genetic differentiation across breeding bands ([@zoaa006-B24]). For example, the Xiaowangjian forest lumbering station was established in this area in 1978, with the formation of a logging road in the area occupied by the East Ridge Troop (HSG-BB and GTS-BB; [@zoaa006-B31]). This road is frequently used by both the logging industry and local traffic, particularly farmers, and represents a barrier to the free movement of each of the 4 breeding bands. Although these barriers are not completely impenetrable, their impact may increase the costs of individual transfer among the studied breeding bands ([@zoaa006-B18]; [@zoaa006-B11]; [@zoaa006-B4]; [@zoaa006-B57]). Moreover, the topography of the Qinling Mountains, which is dominated by high altitude temperate forest habitats, and open areas of fragmented and cleared forests containing villages and agricultural fields, as well as the threat of domesticated animals such as dogs may greatly increase the risks and decrease the opportunities for successful dispersal ([@zoaa006-B68]). Either enhanced mortality risk reduces the occurrence of successful transfer or individual is choose not to disperse due to such cost ([@zoaa006-B34]). Thus, the expected result is reduced gene flow, reduced genetic diversity, and an increased opportunity for a genetic bottleneck.

However, we found no evidence of genetic bottlenecks, high levels of genetic diversity, low levels of genetic divergence or similar genetic backgrounds in golden snub-nosed monkeys. Population structure results showed that *K* = 2 was the most probable number of genetic clusters, indicating that the 5 isolated bands could be divided into 2 genetically distinct population, implying high levels of admixture and high levels of gene flow among these bands. This, along with the results of [migrate]{.smallcaps} V3.1 software indicated the possibility of high levels of gene flow between the all-male band and all-breeding bands. Population assignment analysis showed that the GNG-AMB was comprised of bachelor males who originated from each of 4 breeding bands, indicating the possibility of gene flow among these bands. Overall, all these evidences confirmed persistent gene flow among the breeding bands, as well as between the all-male band and each of the breeding bands.

Gene flows are likely to be the result of the movement of bachelor males among the study bands promoting genetic diversity. Mating strategies adopted by bachelor male golden snub-nosed monkeys include periodic attempts to take over a 1-male unit and usurp the leader or breeding male position, attracting adult females to leave their 1-male unit, or engaging in sneaky copulations with harem females ([@zoaa006-B43]; [@zoaa006-B49]; [@zoaa006-B62]; [@zoaa006-B50]). Bachelor male movements include young sexually immature males who migrated from their natal breeding band into the all-male band (primary transfer; [@zoaa006-B71]; [@zoaa006-B6]; [@zoaa006-B25]); fully adult males who transferred from the all-male band back into their natal breeding band or to a neighboring breeding band and successfully take over an existing 1-male unit, or sexually mature males who leave the all-male band in attempt to attract harem females to form a new 1-male unit (breeding transfer); fully adult males who formed a temporary consort relationship with 1-male unit females (temporary transfer) and older adult males who had left their previous breeding band and rejoined the all-male band after losing their residential position as an 1-male unit leader male ([@zoaa006-B20]). The dynamic movements of bachelor males into and out of the all-male band and breeding bands contribute to multidirectional gene flow that serves to maintain a high level of genetic diversity otherwise across semi-isolated populations. The results support the hypothesis that bachelor males residing in an all-male band can effectively mitigate inbreeding depression across fragmented landscapes.
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